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^^Saiichez, Elise P., and Celso E. Gomez- 
Sanchez. Cent^ hyperteiislDogenic effects of glycyrrhizic acid 
^^^a Xo1 °^ Ani - J; Ph y sioL 2 63 (Endocrinol Metab. 26): 
Elw^E113q, I99&— The apparent mineraiocorticoid excess 
syndrome of patients ingesting large amounts of licorice or its 
denvatives is thought to be caused by the antagonism by these 
f^^SSf of ^ en2 y^ e 110-hyaroxysteroid dehydrogenase 
<M SD > ll^HSD inactivates corbel and coriS™ 
aUowing the more abundantly produced glucocorticoids access 
to toe mmeralocorticoid receptor (MR) in the kidney, where 
they act as mmeralocorticoids. We have found that the infusion 
of jiioth grycyrrhizic acid, an active principle of licorice, and 
cart^^xdipne, a synthetic analogue, into a lateral ventricle of 
the brain jintracerebroventricular (icv)] of a rat, at a dose less 
than that which has! an effect when infused subcutaneously, 
produces hypertension. Furthermore, the hypertension pro-' 
^ced by the oral administration of carbenoxolone or gfycyr- 
r^c acidis blocked by the icv administration of RU 283X8, an 
MR. antagonist, at a dose below that which has an effect on 
otoo£ pressure when infused subcutaneously. While the oral 
admmisteation caused saline polydipsia and polyuria typical of 
chr^c systemic mineraiocorticoid excess, the icv licorice de- 
rivative*^ hypertension without affecting saline appe- 
■^iW^WW the rats to mineraiocorticoid hypertension by 
ren^ n^ reduction and increasing salt consumption was not 
nece#ajy. for the promiction of hypertension. These findings 
prov^eao^tiGhal evidence for a central role in blood pressure 
contool lg muieralocorticoids that is distinct from their renal 
effe<^;.T^ey also suggest that more is involved in licorice- 
mduced hypertension' than only inhibition of 110-HSD. 

hypertension; licorice; mineralcorticoids; RU 28318; steroid 
ll^hydroxysteroid. dehydrogenase 

ALDOSTERONE acts through type I receptors, or miner- 
alocprticoid receptors (MR), in the kidney to produce 
retention and potassium and hydrogen ion ex- 
«etion. The MR is widely distributed and is present in 
the colon, parotid, vasculature, and, in particular, spe- 
cie areas of the brain (5, 13). The affinity of isolated 
i&RQJ5!^ deluding expressed MR 

cDNA in COS cells, is similar for aldosterone, corticos- 
teroid and Cortisol (3, 4, 16). MR, regardless of the 
source* are physicofehemically identical (16, 32), and ap- 
pear t^-be a product of the same cDNA (3). Corticoster- 
one_ and Cortisol normally do not act as mineralocorti- 
coi<te. in the kidney in vivo. Specificity, originally 
thou^it to be intrinsic to the receptor, has been shown 
to h^ conferred extrinsically by corticosterone/cortisol- 
bmdinr^bulin (CBG), which reduces free circulating 
^ucQcorticoid available to the receptor, and by 11/3- 
hydribx^teroid dehydrogenase (11/3-HSD). 110-HSD 
reversfbly converts corticosterone and Cortisol to the 
liXHS* H^y^ocorticosterone and cortisone (7, 9, 
12). The location of the 11/3-HSD enzyme has been con- 
troversial. It appears that 110-HSD is expressed in some 
mineraiocorticoid target cells along with the MR, thus 


serving as an autocrine control, as well as in cells prox- 
imate to MR-containing cells, serving a paracrine func- 
tion (6, 9, 21, 24). 

Under normal conditions, most MR in the rat brain 
are almost fully occupied by corticosterone, while occu- 
pation of the type II receptor, or glucocorticoid receptor 
(GR), for which corticosterone has less affinity, is less 
complete and follows the circadian rhythm of glucocor- 
ticoid levels (7). It has been suggested that the occupa- 
tion of the MR in the brain, particularly in the hippo- 
campus, by corticosterone at low, physiological serum 
levels is possible because CBG does not penetrate the 
blood-brain barrier (7, 9) and because the activity of 
110-HSD in i this organ is negligible (9, 12), However, in 
situ hybridization techniques have demonstrated the 
presence of 11/3-HSD in the brain (19), as well as the 
kidney. Whether 110-HSD is bioactiye in any, all, or 
only specific parts of the brain is controversial (9, 19, 
21). There are different tissue-specific forms and re- 
gional activity of the 110-HSD enzyme (20) that may 
account for the apparent w glucocorticoid-selective w MR 
in some parts, particularly the hippocampus, of the 
brain, in contrast to the "aldosteronerpreferring" MR in 
the anterior hypothalamus (7, 18). Seckl et al. (27) have 
reported that 110-HSD inhibition by glycyrrhetinic acid 
in vivo in rats increased 2-deoxy-( 14 C]gIucose use in 
those areas of the brain where 110-HSD mRNA expres- 
sion has been documented. Corticosterone and aldoster- 
one have different actions in some areas of the brain, 
even though both are thought to be acting with the same 
affinity and through the same receptor. Aldosterone an- 
tagonizes important central nervous system (CNS) ef- 
fects of corticosterone (7, 26); corticosterone blocks the 
hypertension induced by the intracerebroventricular 
(icv) infusion of aldosterone (13, 15). 

Apparent mineraiocorticoid excess is a rare hyperten- 
sive syndrome in which patients have all of the mani- 
festations of excessive production of mineralocorticoids, 
including hypokalemia, but steroid measurements are 
normal or low. The defect has been identified as a defi- 
ciency in 110-HSD (11, 28, 30, 31). The pseudohyperal- 
dosteronism, including hypokalemia and low -renin hy- 
pertension, produced by excessive licorice consumption 
and the treatment of peptic ulcers with licorice deriva- 
tives or their synthetic analogues has been attributed to 
the inhibition of this enzyme, allowing the more abun- 
dant circulating cortisol/corticosterone access to the 
MR in the kidney (9). Licorice derivatives and the syn- 
thetic analogue carbenoxolone have been used to study 
th mechanisms responsible for the syndrome, of appar- 
ent mineraiocorticoid excess, as well as the extrinsic 
factors conferring apparent ligand specificity to the MR 
(8, 10, 22). We her in describe studies f the central and 
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HYPERTENSION , CARBENOXOLONE, AND GLYCYRRHlWACID 


systemic effects of the icv, subcutaneous (sc), and oral 
administration of glycyrrhizic acid, a derivative of lico- 
rice, and carbenoxolone, a synthetic analogue, on the 
blood pressure using the specific MR antagonist RU 
28318 (14) to inhibit the MR. 

METHODS 

C annulas were placed into the right lateral cerebral ventricles 
of male outbred Sprague-Dawley rats weighing 180-200 g, using 
aseptic surgical technique under a combination of fentanyi and 
droperfaqi (innoyar-Vet, Pitman-Moore), 0.01 ml/100 g body 
wt sc, as preanesthetic and isofhirane as anesthetic. Rats re* 
ceived ^aridaxd 'food (0.3% NaCl) and tap water or 0.9% saline 
ad libitum to amplify the hypertension as detailed below. Im- 
planted miniosmotic pumps (Alzet 2002, Alza, Palo Alto, CA), 
which dkiVered 0.49 ± 0.02 jil/h for 14 days, were used for icv 
and sc infusions. Pumps were changed on day 14 under isofhi- 
rane anesthesia, and pumps of the same lot were used through- 
out the experiment to ensure consistency. Carbenoxolone, RU 
28318; and corticosterone were dissolved in cerebrospinal fluid 
(CSF) or 0,86% NaCl with 10% propyleneglycol for icv and sc 
infusion. A potassium gluconate solution that delivered the 
same amount of K* as the RU 28318 solution was used as 
control for the mineralocorticoid antagonist experiments (14). 
Reagents were purchased from Sigma, except for the RU 28318, 
which was a gift from Roussell (r^maineville, France). All so- 
lutions Were made and sterilized by filtration through 
filters (Acrodisc 13, Gelman Scientific) immediately before fill- 
ing and implanting the]; pumps. Oral carbenoxolone or glycyr- 
rhizic acid was administered individually twice a day as 0.1 or 
0.2 ml of a slurry mixed in corn syrup that the rats accepted 
readily. Indirect systolic blood pressures (ETC, Woodhills, CA) 
and weights, were measured twice a week starting before treat- 
ment as described previously (13). Twenty-four- or forty-eight- 
hour urine volumes were measured once a week in a stainless 
steel rat metabolism cage. 

Effect of icv administration of carbenoxolone: dose response. 
Carbenoxolone was infused icv at a rate of 0.3, 1.0, and 3.0 /xg/h 
and sc at a rate of 3.0 jtg/h into intact rats provided with 0.9% 
saline to drink ad libitum. 

Effect of icv administration of carbenoxolone and corticoster- 
one. Carbenoxolone was infused icv at a rate of 5.0 pg/h and 
corticosterone at a rate of 20 ng/h, alone and together. Two 
types of experiments were done. For one, the rats were intact 
and drank tap water ad libitum. For the other, the right kidneys 
were removed and the rats drank 0.9% saline ad hbitum to be 
comparable to the classical maneuvers used to amplify miner- 
alocorticoid hypertension. 

2J#ecfr^ carbenoxolone with and with- 

out icv RU 28318* Carbenoxolone was administered orally in 
corn syrup 45 mg/kg twice dairy for 10 days and increased to 90 
mg/kg twice daily for the next 4 days to ascertain that the 
hypertensive effect was maximal; the control rats received corn 
syrup orally. RU 283 18 was infused icv at 1.1 pg/h in one-half of 
the a nimate receiving carbenoxolone; the other animals received 
a potassium gluconate solution to supply the equivalent amount 
of K* icV. We ^ve previously shown that 1.1 Mg/h RU 28318 icv 
has no intrinsic effect on the blood pressure but protects the rat 
from' the hypertension of systemic znineralpcorticoid excess, 
while being Well below the dose required to affect on the blood 
pressure when infused sc (13, 14). The rats were intact and 
drank tap water ad hbitum. 

Effect of oral administration of glycyrrhizic acid with and 
without RU 28318. The effects of both glycyrrhizic acid and 
carbenoxlone were studied because of evidence that carbenox- 
olone may have a larger range f effects, including the inhibition 
of ll-oxpreductase, than does glycyrrhizic acid (29). 


Glycyrrhizic acid was administered orally in corn syrup 35 
mg/kg twice daily for 14 days. RU 28318 was infused icv and sc 
at LI Mg/h in two of three glycyrrhizic acid groups; the other 
glycyrrhizic acid animals received a potassium gluconate solu- 
tion icv to supply the equivalent amount of K* icv. Another 
group received com syrvrp orally and the potassium gluconate 
solution icv. The rats were intact and drank tap water ad Kbi- 

Animals were killed at the end of the studies by CO a narcosis 
and asphyxiation. Autopsies, including dye infusions to check 
cannula placement, were done at the conclusion of the study, 
and data from any animal in which there was doubt about the 
delivery of the solutions or which had evidence of illness causing 
undue stress were eliminated from the experiment. At the time 
of the biweekly pump changes, if the catheter was found to be 
disconnected from the pump or cannula, the data from the 
preceding two weeks were discarded and the animal eliminated 
from the study. We started with 8-10 animals per group so that 
the groups were never, reduced to fewer than 7 animals by the 
end of the experiment Data were compared by analysis of vari- 
ance and the Dunnett t and Fisher PLSD tests (StatView 512+, 
BrainPower, Calabazaa, CA). 

RESULTS 

Carbenoxolone, 3 ug/h administered icv to intact rats 
drinking 0.9% saline ad libitum, increased the blood pres- 
sure of rats significantly (P < 0.01) within 3 days and was 
maximal by day 5 (Fig. 1). There was no significant 
change in the blood pressure of rats receiving 0.3 ug/h 
CSF, or 1 ug/h carbenoxolone icv or 3 ug/h carbenoxolone 
sc over 14 days. No significant difference was found in 
rate of weight gain or 24-h urine volume between any 
groups in the icv studies. In separate studies it was found 
that doses of carbenoxolone >5 ug/h resulted in precipi- 
tation of the drug in the pump and cannulas. 

The icv infusion of corticosterone at 20 ng/h, a dose 
known to inhibit the hypertension produced by the icv 
infusion of aldosterone (15) while having no effect in and 
of itself, did not significantly blunt the increase in blood 
pressure produced by icv carbenoxolone, nor did it have 
any effect on the blood pressure by itself (Fig. 2). There 
was no difference in urine volume or weight gain between 
"groups in the same experiments. Removing one kidney 
and giving saline to drink did not alter the hypertension 



day 5 

Fig. 1. Effect on indirect systolic blood pressure (BP) at day 5 of intrac* 
erebroventriculai (icv) and subcutaneous (sc) infusion of carbenoxolone 
(Cx) at 3.0 pg/h in intact rats drinking 0.9% saline ad libitum. CSF, 
cerebrospinal fluid. 
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£*% on i******* systoHc blood pressure of lev infusion of car- 
beDoxoIone at 5.0 ng/h and corticosterone at 20 ng/h, alone and to- 
getfi^i m ndnsensiOzed rats (A; intact and drinking tap water ad libi- 
^^^"^^ ^ sensitized rats (B; one kidney removed and 
rnyffffk «*'IWum). 0, 110-hydroxysteroid dehydrogenase. 

r s U.UO. " < 0,01. v 
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Fig. 3; Effect on indirect ^ systolic Mood pressure of oral administration 
of cartenoxolone in corn syrup at 46 mg/kg twice daily for 10 days, then 
90 mMtXtotftoto for the next 4 days, while receiving an icv infusion 


• * ,jr -mi aJZ^T 7 - * wuu« receiving an icv inniaion 

rfejtiter RU;2S318 at u ng/h or vehicle, in intact rats drinking tap 
water ad Kbitum. x y 

produced by icv carbenoxolone or the effect of icv corti- 
cbsterbne. At day 11 of the sensitization study there was 
a 41 iatid 39% difference in blood pressure between the 
contrab and the icv carbenoxolone and icv carbenoxolone 
plu| cprticosterone, respectively, compared with 41 and 
ol% increases for the nonsensitized rats. 

The blood pressure f intact rats drinking water and 
receivir^gforal carbenoxolone at 46 mg/kg twice dairy in- 
creasifed significantly within 6 days from 105 mmHg to a 
plateau of 127 mmHg (Fig. 3). Doubling the dose to 90 
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mg/kg twice daily did not further increase the blood pres- 
sure. The icv infusion of 1.1 /*g/h RU 28318 completely 
prevented the increase in blood pressure. We have shown 
in multiple studies, including those described below using 
grycyrrhizic acid instead of carbenoxolone, that the sc 
infusion of 1.1 /ig/h RU 28318 is too low to affect the 
blood pressure. We have also reported that the icv infu- 
sion of the antagonist at three times this dose has no 
effect on the blood pressure of normal animals (14). The 
blood pressure in. the animals receiving the icv control 
solution returned to normal within 3 days of discontinu- 
ing the oral administration of carbenoxolone. Orally 
administered carbenoxolone doubled the urine volume; 
this increase in urine volume was not prevented by the 
icv administration of the mineralocorticoid antagonist, 
which abolished the hypertension (Fig. 4). There was no 
difference in weight gain between groups. 

The oral administration of glycyrrhizic acid at 35 
mg/kg twice daily also significantly increased the blood 
pressure of intact rats drinking tap water. The icv infu- 
sion of 1.1 /ig/h RU 28318 prevented the rise in blood 
pressure (Fig. 5). There was no difference in weight gain 
between groups. 

DISCUSSION 

The importance of the CNS in the development of 
mineralocorticoid hypertension has been well docu- 
mented (5, 13). MR are found in the hippocampus, 
amygdala, lateral septum, and hypothalamus, particularly 
in the periventricular regions, areas known to be or sus- 
pected of being important in the regulation of adrenocor- 
ticotropic hormone (ACTH) rele*se, arousal, fluid and 
fluid osmolality equilibrium, and the maintenance of nor- 
mal blood pressure. The chronic icv infusion of aldoster- 
one at a dose two orders of magnitude less than that 
necessary to produce hypertension when infused sc has 
been reported to produce hypertension in rats and dogs 
(21). The icv infusion of the mineralocorticoid antagonist 
RU 28318, at doses that have no effect on the blood 
pressure when given icv alone and that are ineffective as 



day 5/6 

Pig. 4. Effect on 24-h urin« volume of oral administration of carbenox- 
olone in com syrup at 45 mg/kg twice daily for 10 days, then 90 rng/kg 
S??^rl y f ° r neXt 4 ^ whilc 'w*** 3 * an icv infusion of either 
RU 28318 at 1.1 ng/h or vehicle, in intact rats drinking tap water ad 
Kbitum. 
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Fig, 5. Effect on indirect systolic blood pressure of oral administration 
of giycytaric acid (Gl) in com syrup at 35 mg/kg twice daily, while 
receiving an icv infusion of either RU 28318 at 1.1 ng/h or vehicle, at 
day 1$ in intact rats drinking tap water ad libitum. 

an antagonist when administered sc, blocks the hyper- 
tension of both the icv and systemic administration of 
aldosterone and the sc infusion of deoxycorticosterone 
acetate, The systemic, but not icv, aldosterone hyperten- 
sion is associated with a chronically increased urine vol- 
ume indicative of saline polycrypsia/polyuria. The icv in- 
fusion of the antagonist prevents the rise in pressure 
produced by the systemic administration of aldosterone 
without preventing the associated polydypsia/polyuria 
(13, 14). These findings suggest distinct mineralocorti- 
coid effects in the brain and kidney. 

In th> studies reported herein, the icv, but not sc, in- 
fusion of 3 Mg/b carbenoxolone produced hypertension, 
impjyirig th|it the site of action is in the brain. The hy- 
pertisniipn p^^^ by the oral and icv adrninistration of 
cartendxolone or glycyrrhizic acid resembles that of 
chronic systemic and icv aldosterone infusion in the am- 
plitude of the increase in blood pressure and the eflec- 
tiveh^of mmeralocorticoid receptor blockade by icv RU 
28318 (13, 14). In addition, as with aldosterone, an 
increase in urine volume occurred only with the sys- 
temic, and not icv, administration of hypertensinogenic 
amounts of both licorice compounds. Blocking the hyper- 
tension of a nimal s receiving oral carbenoxolone with the 
icv infusion of RU 28318 at doses too low to be effective 
when infiwed sc did not reduce their increase in urine 
volume. Classically mmeralocorticoid-salt hypertension 
is assbdatid with an initial retention of sodium and wa- 
ter followed by an "escape* from further retention and the 
establishment of a new equilibrium at a higher overall 
flmoV volume. Polyirypsia^ryuria may persist after 
reaching a balance with no additional net gain in water 
(13), Assuming that the carbenoxolone when given orally 
is cauSjhg a mineralocorticoid excess syndrome as far as 
the kidneys are concerned, one would expect initial so* 
di^s^d water retention, followed by escape.The rats in 
these studies apparently were placed in metabolism cages 
after the water retention phase, assuming it occurred, 
after an equilibrium had been reached, because their 
urine output was consistentry greater, not less, than that 
of controls. Weight gains were "real" not water gains, as 
evidenced by th fact that the weights of the oral car- 
benoxolone rats did not fall after the drug was withdrawn. 

There was a consistent difference in the time of onset 
of the hypertension. lev aldosterone hypertension takes 


from 7 to 11 days to become significant (13), while icv 
carbenoxolone hypertension was evident in 3-8 days. 
Considering the relatively long delay of onset, that of days 
rather than minutes or hours, it seems unlikely that this 
difference is due to a more rapid passage of the licorice 
compounds across the blood-brain barrier, it probably 
reflects a more basic difference in the mechanism of ac- 
tion. Removing one kidney and giving saline to drink did 
not exacerbate the hypertension produced by icv car- 
benoxolone. This was surprising because the classical way 
to amplify mineralocorticoid hypertension is to reduce 
renal mass and increase sodium consumption and because 
in the model of central mineralocorticoid hypertension, 
equihypertensinogenic doses of icv aldosterone in non- 
sensitized rats were nine times that of sensitized rats 
(13). 

Glycyrrhizic acid and carbenoxolone are not thought to 
act as agonists at the receptor level because their affinity 
for the MR is negligible (2). They are presumed to work 
by inhibiting 110-HSD, thereby removing the protection 
of the MR from corticosterone and allowing it to act as a 
mineralocorticoid (12). However, if 110-HSD were active 
in the brain, and if it were inhibited by carbenoxolone, 
previous studies from our laboratory suggest that the re- 
sulting accumulation of corticosterone would not be ex- 
pected to increase blood pressure. An additional differ- 
ence between the icv aldosterone and icv carbenoxolone 
models is that the icv infusion of corticosterone, at a dose 
that would have been expected from our previous work to 
antagonize the icv aldosterone model, had no effect on the 
blood pressure of rats receiving icv carbenoxolone. It is 
assumed that the inhibitory action of icv corticosterone 
on icv aldosterone hypertension is mediated by the MR 
because RU 26988, a selective GR agonist, had no effect 
when infused alone or in combination with aldosterone 
(15). 

While most reported studies indicate that carbenox- 
olone does not affect the mineralocorticoid activity of 
aldosterone (25), others suggest that it enhances the so- 
dium retention produced by aldosterone and 11-deoiy- 
corticosterone (23) . Glycyrrhetinic acid has been found to 
inhibit the hepatic 50-reductase and 30-HSD but not the 
5o>reductase or 3a-HSD. Another proposed mechanism 
for the enhancement of mineralocorticoid activity by 
licorice derivatives is the accumulation of aldoster- 
one, deoxycorticosterone, and ll-deoxycorticosterone 
and their biologically active 5<x-dehydro derivatives due 
to the inhibition of the 50-reductase and 30-HSD en- 
zymes, as well as of glucocorticoids due to 110-HSD in- 
hibition (17). 

Patients with apparent mineralocorticoid excess ap- 
pear to be deficient in 110-delrydrogenase but not 11- 
oxoreductase enzyme activity (30). While it has been as- 
sumed that 11/9-HSD is an enzyme complex consisting of 
an 110-dehydrogenase and a distinct ll-oxoreductase (9, 
22, 30), a rat cDNA has been cloned and expressed as a 
single enzyme that interconverts cortisol/corticosterone 
tocortison /11-dehydrocorticosterone (1). It has been r - 
ported that glycyrrhizic acid and carbenoxolon are not 
identical in their clinical activities and that glycyrrhizic 
acid inhibits the conv rsioh of cortisol/corticosteron 
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to cortisone/1 l-dehydrocorticosterone unidirectionally, 
while carbenoxolone inhibits both the dehydrogenase and 
reductase directions (29). In our studies, the activity of 
glycyrrhiiic acid and carbenoxolone were similar. 

There is evidence for yet another mechanism of action 
of carl^noxolone. The JVIR is either missing or defective 
in patients with pseudbhypoaldosteronism. Funder (10) 
has reported that the administration ,of carbenoxolone 
with a selective GR agonist in patients with pseudohy- 
poaldosteronism andin adrenalectomized rats alters the 
function of the glucocorticoid, causing it to produce the 
same re; nal effects, Na + retention and K + excretion, as a 
mineralocorticoid would, presumably by causing GRr 
ligand complexes to act as activated MR. The animals in 
our experiments had intact adrenals; in fact, the miner- 
alocorticOid effects of licorice depend on intact adrenal 
glands or replacement corticosteroids (9). Normally, most 
of the MR and many of the GR of the brain, depending on 
the area, are tonicalry bound by corticosterone, even in 
the unstressed rat (7, 26). While the concomitant icv 
infusion of corticosterone blocks icv aldosterone hyper- 
tesion, the icv infusion of a selective glucocorticoid, pre- 
sumably to the GR only, does not antagonize icv aldos- 
terone hypertension. If there are two classes of MR in the 
brain, as has been postulated by De Kloet (7), carbenox- 
olone and glycyrrhizic acid may be altering the w corti- 
cpsterone-pwferring w MR to functionally "aldosterone- 
prefernng* MR. If carbenoxolone were producing hyper- 
t ^ nS ?L b ? "i*™*^ GR and/or corticosterone-prefer- 
rmg MR bound to endogenous corticosterone to the pool 
of functionally activated MR, not only might the same 
cellular Response be elicited as by activated MR in a mxn- 
eraic^orjiicoid-sensitivei' central blood pressure control 
area, but, more important, it might also remove the re- 
ceptors that mediate the inhibition of icv aldosterone 
hypertension. This might explain why icv corticosterone, 
when given with carbenoxolone, neither increased the 
blood pressure; because the receptors were already sur- 
feited, nor decreased it, because they were being diverted 
frorn their usual role of buffering the hypertensinbgenic 
effect of aldosterone. The more rapid induction of hyper- 
tension by licorice compounds compared with aldoster- 
one maybe due more to the removal of local inhibitory 
effects than to the recruitment of more functional MR 
ihe ym-yang relationship of the two classes of corticos- 
teroids^has been described elsewhere, including in the 
brain (7); 

These data provide additional evidence for a central 
foie in blood pressure control by mineralocorticoids that 
w distinct froin their renal effects and that involves a 
complex homeostatic relationship between the two 
classes of ^corticosteroids in their central effects on blood 
Pressure. They suggest that our understanding of func- 
tional specificity of the corticosteroid receptor-ligand: 
complex^ particularly in the brain, is incomplete. Finally, 
wiese studies indicate that more is involved in licorice- 
^Quced hypertension than the inhibition of 110-HSD, 
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A Novel 110-Hydroxysteroid Dehydrogenase Inhibitor 
Contained in Saiboku-To, a Herbal Remedy for 
Steroid-dependent Bronchial Asthma 


MAS A TO HOMMA, K1TARO OKA, TOMOYUKJ N1ITSUMA* AND H1SAO 1T0H* 

ment of Clinical Pharmacology, Tokyo College of Pharmacy, Horinouchi. Hachidji. Tokyo 192-03. 
arid 'Third Internal Medicine. Tokyo Me&cat College Hospital. Shmjuku-ku, Tokyo 160. Japan 


Abstract — To identify the inhibitor of prednisolone metabolism contained in Saiboku-To, we conducted in- 
vitro experiments of 11 /^-hydroxy steroid dehydrogenase (110-HSD), using rat liver hotnogenate and 
Cortisol as a typical substrate. We studied the effects of ten herbal constituents on 1 1/f-HSD. Five herbal 
extracts showed inhibitory activity with Qlycyrrhiza glabra > Perillae frutescens>Zizyphus vulgaris 
>MagnoUa officinalis > Scutellaria baicalensis. This suggests that unknown 110-HSD inhibitors arc 
contained in four herbs other than G, glabra which contains a known inhibitor, glycyrrhizin (and 



glycyrrhizin, the inhibition mechanism (non-competitive) was different from a known competitive 
mechanism. These results suggest that magnolol might contribute to the inhibitory effects of Saiboku-To on 
prednisolone metabolism through inhibition of 11 0-HSD. 


Saiboku-To is the most popular anti-asthmatic Chinese 
herbal medicine (Kampo medicine in Japan) and has been 
used for corticosteroid -dependent asthma to obtain a ster- 
oid-sparing effect in prednisolone therapy (Nagano et al 
198$. On the basis of animal experiments, the mechanism of 
action of Saiboku-To has been attributed to hormonal 
stimulation of the adrenal cortex (Hiaietal 1981;Shhnizuet 
al 1984) and synergistic adjuvant effects on autacoid secre- 
tions (Toda et al 1988) or allergic reactions (type I and IV) 
(Nishiyori et al 1983, 1985). 

Recently, we proposed another mechanism which involves 
suppression of the systemic elimination of prednisolone 
(Taniguchi et al 1992). This pharmacokinetic effect seemed 
to result from M/Miydroxysteroid dehydrogenase (110- 
HSD) metabolic enzyme inhibition, because plasma predni- 
solone/prednisone ratios following Saiboku-To administra- 
tion increased significantly (Taniguchi et al 1992). Since 
other Kampo-preparations containing Glycyrrhiza glabra 
did not show an effect on prednisolone pharmacokinetics 
(unpublished data), the effect of Saiboku-To could not be 
explained by known enzyme inhibitors such as glycyrrhizin 
and its agtycone glycyrrhetmic acid, which are contained in 
G. glabra. These observations suggested that Saiboku-To 
must contain as yet uncharactcrizcd 1 10-HSD inhibitors. 

In the present study, we carried out in-vitro experiments of 
1 1 0-HSD inhibition using Cortisol and rat liver homogenate. 

Materials and Methods 

Materials 

Saiboku-To (TJ-96, Tsumura Co., Tokyo, Japan) consists of 
fine brownish granules containing ten different herbal 
extracts (Table 1). Original herbs used for the assay were 

^Correspondence: M. Hoixuna, Department of Clinical Pharma- 
cology, Tokyo College of Pharmacy, Horinouchi, Hachioju Tokyo 
192-03, Japan. 


purchased from Uchida Wakanyaku Co. (Tokyo, Japan). 
The extracts of Saiboku-To and . of original herbs were 
prepared as follows. One gram Saiboku-To or the crushed 
herb in 15 mL 35% ethanoi was gently refluxed for 1 h on a 
steam bath. After cooling to room temperature, water was 
added to make a total volume of 10 mL before centrirugation 
at 1600$ for 10 min.The resulting supernatant was used for 
the assay. 

Glycyrrhizin, glycyrrhetmic acid, wogonin, and baicalein 
were purchased from Wako Pure Chemicals (Osaka, Japan). 
Magnolol and honokiol were donated by Professor Y. 
Sashida of Tokyo College of Pharmacy (Fujita et al 1973), 
Medicarpin and oroxylin A were kindly contributed by 
Professor T. Nomura of Toho University School of 
Pharmacy (Tokyo, Japan) and Tsumura Co., respectively, 
8,9-Dihydrdxydihydromagnolol was prepared by us from 
magnolol by osmic acid oxidation (Homma et al 1992). 
Liquiritigenin. was isolated from G. glabra according to 
Shibata & Saitoh (1978). Chemical structures of these 
compounds are given in Fig. 1 . Cortisol and cortisone were 
purchased from Sigma Chemical Co. (St Louis. MO, USA). 
Other organic and inorganic reagents were of analytical 
grade. 

Rat liver homogenates were prepared in the usual manner: 
fresh Kver was isolated from a male Wistar rat (freely fed, 
body weight 250 g) and was cut into small pieces. The pieces, 
were homogenized in 10 vol 0-25 m sucrose in a glass 
homogehizer with a Teflon piston. The homogenates were 
frozen at - 80°C and stored until incubation. 

Instruments 

Our HPLC system for determination of glucocorticoids in 
incubation mixtures consisted of a solvent delivery pump 
(V1P-I, Jasco, Tokyo), a UV-detector (Uvidcc-100-HI, 
Jasco), a single pen recorder (Pantos U-228, Nippon Dcnshi, 
Tokyo), a sample injector with a loop volume of 100 /iL 
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Table I. Herbal composition of Saiboku-To. 


Constituent herb Family Composition (%„ 

Bupletmmt falcotum L. UmbeHiferac 20*6 

Pinellia ternata Bcitcnbach Araceae 14 7 

Porta coco* Wolf. Pohyporaceae 14-7 

Scutellaria baicalensis Gcorgi Labiatae 8-8 

Zizyphus vulgaris Lam. Rhamnaceae 8-8. 

fanox ginseng C. A. Meyer Araliaceae 8-8 

Magnolia officinalis Magnoliaceae 8-8 

Gfycyrrhiza glabra L. Leguminosae 5-9 

P^i//a*/ru/«cm»Britlonvar.«cw/oICudo Labia lac $.0 

Zingiber officinale Roscoc Zbgiberaceae 3 0 


(Model 7125, Rbcodyne, CA, USA), and a silica gel column 
(UChrosorb Si-60, 5 /mi, i.d. 4 mm x 250 mm, Merck, 
Darmstadt, Germany). The mobile phase was a mixture of 
watcr/mcthanol/dichloromctharie/ri-hexane (0* 1 /80/30 J 0/ 
61-9 v/v) with a flow rate of 1-5 mL min" 1 . Detector 
sensitivity was set at 0-005-0-01 aufs at 245 nm. We used a 
disposable syringe minicolunm (Extrashot, Kusano Sci. Co., 
Tokyo) to perform sample injections (Homma et al 1989; 
Kounoetal 1990). 

Determination of UfS-HSD inhibition activity 
We measured I l^HSD activity in rat liver homogenate 
incubation mixtures, detecting chemical transformation of 
Cortisol to cortisone in the presence of 1 1 0-HSD inhibitors. 
Oxidation at the C-1I position of the steroid nucleus was 
kinetiOaUy characterized by measuring the conversion rate of 
Cortisol to cortisone in the presence of NADP+ in rat liver 
homogenate according to the procedure of Monder et al 
(1989) with minor modification. The incubation mixtures 


Magnolia officinalis 


consisted of620pL0*l M Tris-HCl buffer (pH 8-5) containing 
0 014% Triton-X, 50 /iL 5 mn NADP*. 100 uL rat liver 
homogenate, and 200 /*L aqueous solution for Saiboku-To 
and original herbal extracts or 200 jiL buffer solution for 
each chemical such as the known inhibitors (grycyrrhizin and 
grycyrrhetinic acid) and our candidates isolated from urine 
of subjects receiving the preparation. These chemicals were 
dissolved in a buffer solution directly or after pre-solubiliza- 
tion in a small amount of ethanol with a final concentration 
in incubation mixtures of less than .2%. After 10 min pre- 
incubation at 37°C, 200 pL 0*3 naM Cortisol was added and 
the resulting mixtures were further incubated for 1 0 min. The 
enzyme reaction was terminated by an addition of 1 00 /iL 5 % 
sulphuric acid. Cortisol and cortisone in the mixtures were 
determined by HPLC using Extrashot as described in our 
previous papers (Homma ct al 1989; Kouno et al 1990). 
Briefly, 5 /*L incubation mixture and 2 j*L sodium hydroxide 
solution were loaded onto Extrashot which was then 
attached to the sample-loading injector of the HPLC system. 
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EtlianoVdichloromcthanc (2/98 v/v, 130 /iL) was injected 
into the system through Extrasbot using a tuberculin glass 
syringe, TTius, extraction and injection of the glucocorticoids 
in the incubation mixtures were achieved simultaneously. 
The recovery rates of glucocorticoids from the incubation 
mixture were more than 95% with coefficient of variations 
less than 5%. Direct peak-height calibration p( the test and 
control mixtures afforded inhibitory activity (% inhibition) 
of the test materials against 1 1/J-HSD. 

Results 

Effects of herbal extracts 

Effects of original herbal extracts on conversion of Cortisol to 
cortisone by rat liver homogenate were compared with that 
of Saiboku-To (Table 2). Cortisone production in the 
reaction mixture was significantly inhibited by Saiboku-To 
and five original herbal extracts (P < 005). The magnitude of 
the inhibition (% inhibition) was in the order Saiboku-To 
(87-5%) >G. glabra (80*%) >?- frutescens (30-9%) >Z. 
vulgaris (27-6%) > hi . officinalis (19-8%)>S. baicalensis 
(19-1%). 

Effects of urinary metabolites of Saiboku-To 

Seven candidates (Fig. 1) were tested with respect to the 


Table 2. Effects of Saiboku-To and its constituent 
herbal extract! on U/f-hydroxysteroid dehydrogenase 
in rat liver homogenate. 


NOVEL 1 I /J-HSO INHIBITOR IN SAIBOKU-TO 

A 




% activity of 
Saiboku-To 


% inhibition* 

Saiboku-To 

87-5±3-4** 

1000 

B.falcatum 

7-7±5*7 

3-8 

P. ternata 

*8±4-2 

6-6 

P. cocas 



S. baicaUnsis 

I9-1±U>5« 

21*8 

Z, vulgaris 

27*=fc4-0** 

31-5 

/V ginseng 

10-9±6-9 

12-5 

Af. officinalis 

19-8±3«7** 

22-6 

G. glabra 
P. frutescens 

80-8±t-0** 

923 

30-9 ±9-6** 

35-3 

Z. officinale . 

12-8 ±8-7 

t4-6 


■Data are presented as tnean±s.d. of triplicate 
experiments, *F<0-05, ••P<O-01 compared with con- 
trol. 


Table £ Inhibition of U£-hydroxy$teroid dehydrogenase by uri- 
nary metabolites of Saiboku-To and known inhibitors. 


Inhibition (%) 


Inhibitor 

Urinary metabolites of Saiboku-To 
Magnolol 

E&ydroxyd%ydromagnolol 
Wogonjn 
Batcalein 
i A 


Medicarpin 

Known inhibitors 
Glycyrrhirin 
Glycyrrhetinic acid 


\0fM 

100 JiM 

151 ±4-4 

43*9±30 


7-4*0-8 

6-8±l-6 

14-8±l* 


M±5-5 


12-2±*3 

8!-t±5-4 

973±M 



O 3 6 9 


0 3 6 9 


0 3 6 
Time (mtn) 

Fio. 2. Chromatographic comparison of the effect of magnolol (100 
fM) on transformation of Cortisol (peak 1) to cortisone (peak 2) by 
1 Ifl-hydroxysteroid dehydrogenase. A. Before incubation with 
VBp after incubation without magnolol; C after incubation 

witi 



10(H) 


9 8 7 6. 5 4 
-Log concn IM) 

Flo. 3, Dose-dependent inhibitory effects of magnolol (•)» honokiol 
(OX riycyrrhizin (a), and glycyrrhetinic add (a) on U/J-hydroxy* 
steroid dehydrogenase. Data are presented as mean ± $ ,d- of tripli- 
cate experiments. 


effects on rat liver 1 l/J-HSD at concentrations of .10 and 100 
IM. the results were compared with those of the known 
inhibitors, glycyrrhizin and glycyrrherinic acid (Table 3). 
Five of seven candidates showed inhibitory activity at 100 
/iM, although their activities were weaker than those of the 

known inhibitors. Dihydroxydihydromagnolol in Af. offici- 
nalis and Hquiritigenin in <7. glabra did not show any activity 
at the test concentrations. Wogonin, baicalein, and oroxylin 
A (flavonoids derived from S. baicalensis), and medicarpin (a 


FROM BIOMEDICAL INFORMATION SERVICE 


(TUE) 1.16' 01 1 1 : 11 : 1 U/INU, <*BO^uyoov r « 


308 


MASATO homma et al 



0.02 0.04 
1/concn |//M''I 


0.06 


Fig. 4, Lineweavcr-Burx double reciprocal plots of initial enzyme . 
velocity and concentration of Cortisol in the presence of magnolol at 
concentrations of 0 (O), 0-1 (•), 015 (a), and 0-2 (a) mM. 


homoisoflavonoid in <?. glabra) showed weak activity. 
However, considerable Inhibition was observed with mag- 
nolol, a neolignan derived from M. officinalis. A typical 
chromatogram for determination of the inhibitory activity of 
magnolol is shown in Fig. 2, where the chemical transforma- 
tion from Cortisol to cortisone was clearly suppressed. The 
dose-dependent inhibitory effect of magnolol is compared 
with those of gtycyrrhizin and glycyrrbetinic acid in Fig. 3. 
The IC50 values of magnolol, grycyrrhizin, and glycyrrheti- 
nic acid were 1-8 X 10"* 2-6x10-*, and 9 f 0 x lO - *' M, 
respectively. Since M '. officinalis contains another congener 
of magnolol, honokiol (not a urinary metabolite), we also 
examined the effect of honokiol on U/J-HSD and found a 
ddse-dejpendent inhibitory effect with IC50 of 7 0 x 10" 1 m 
(Fig, 3). 

Mechanism of magnolol in Hfi-HSD inhibition 
Fig. 4 shows the inhibitory effects of magnolol on rat liver 
Up-HSD. The data were plotted according to the Line- 
weaver^Burk linear transformation of the Michaelis- 
Menten equation. The double reciprocal plots on Fig. 4 
suggested magnolol has a unique non-competitive inhibitory 
mechanism. We were unable to estimate an inhibition 
constant (IQ) of magnolol by the Dixon plot because of this 
noiwjompetitive inhibition. 

Discussion 

This paper suggests the presence of several novel inhibitors 
of 110-HSD in five constituent herbs. (7. glabra, P.frutes* 
cens, Z. vulgaris, M. officinalis and S. baicalensis. Although 
these inhibitors seem to contribute to in-vitro activity of 
Saiboku-To, their contributions to prednisolone metabolism 
during .clinical Saiboku-To treatment has been unclear. 
However, we emphasize the importance of this possibility, 
since our biologically active compounds in herbal medicine 
are found in biofluids following administration (Homma et 
all992, 1993a). 

In our previous study, we found seven phenolic com- 
pounds in urine after oral administration of Saiboku-To 
(Homma ct al 1992, 1993a, b). These compounds seemed to 
be possible candidates which explain in-vivo effects of 
Saiboku-To. Five of these compounds showed inhibitory 


activity against U0-HSD in-vitro (Table 3). The intensities 
of those activities were almost equal to those of the 
corresponding herbal extracts, except that C. glabra, con- 
taining glycyrrhizin, concealed the effects of tiquiritigenin 
and medicarpin. Magnolol exhibited activity at concentra- 
tions higher than 1 x 1 0" 5 m (Fig, 3). Similar activi ty was also 
observed in honokiol, a hydroxylated derivative of magnolol 
isolated from M . officinalis but not found as a urinary 
metabolite of Saiboku-To. 

The novel M/J-HSD inhibitors found in this study belong 
to a class of phenolic compounds, lignans and flavonoids, 
whose chemical structures are completely different from 
those of the previously described inhibitors. Unexpectedly, 
the inhibition mechanism of magnolol seems to be different 
from those of the known inhibitors, the latter exhibiting 
competitive inhibition (Monder et al 1989). Although 11/?- 
HSD inhibitors have been considered so far to belong to a 
limited class of liquorice triterpenoids, the present results 
suggested that the naturally occurring lignans and flavonoids 
also possess inhibitory activity through a different mechan- 
ism. 

Urinary non-conjugated magnolol in respondcrs to Sai- 
boku-To is significantly higher than that in the non- 
respondeis (Homma et al 1993a, b). This suggests that 
magnolol is an important chemical constituent for the 
clinical effects of Saiboku-To, playing an important role for 
alteration of prednisolone pharmacokinetics. 

The inhibitory effects of liquorice glycosides on 1 10-HSD 
are so marked in animal experiments in-vivo and in-vitro 
(Monder et al 1989; Mackenzie et al 1990), that Saiboku-To 
could inhibit 1 10-HSD even though the glycyrrhizin content 
is relatively small. However, the effect of Saiboku-To cannot 
be explained by glycyrrhizin alone, because another Kampo 
preparation, Sho-Saiko-To which contains (7. glabra but not 
P. cocosy Af. officinalis or P. frutescens, did not affect 
prednisolone pharmacokinetics in healthy subjects (unpub- 
lished data). Animal experiments using pure compounds will 
be needed to clarify the role of lignans and flavonoids on 
prednisolone metabolism. 
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PHARMACODYNAMICS AND 
DRUG ACTION 

Grapefruit juice and its flavonoids inhibit 
lip-hydroxysteroid dehydrogenase 

Introduction: The enzyme 1 ip-hydroxy$teroid dehydrogenase (lip-OHSD) oxidizes Cortisol to inactive 
cortisone. Its congenital absence or inhibition by licorice Increases Cortisol levels at the mineralocorticoid 
receptor, causing mineralocortkoid effects. We tested the hypothesis that flavonoids found in grapefruit 
juice inhibit this enzyme in vitro and that grapefruit jui^ 

Methods: Microsomes from guinea pig kidney cortex were incubated with Cortisol and nicotinamide 
adenine dinucleotide (r?AD) or nicotinamide adenine dinucleodde phosphate (NADP) and different 
flavonoids and the Oxidation to cortisone measured with use of HPLC analysis. In addition, healthy 
human volunteers drank grapefruit juice, and the ratio of cortisone to Cortisol in their urine was measured 
by HPLC and used, as an index of endogenous enzyme activity. 

Results: Both forms of lip-OHSD requiring either NAB or NADP were inhibited in a concentration- 
dependent manner by the flavonoids in grapefruit juice. Normal men who drank grapefruit juice had a fall 
in their urinary cortbone/cortisol ratio, suggesting in vivo inhibition of the enzyme. 
Conclusion: Dietary flavonoids can inhibit this enzyme and, at high doses, may cause an apparent 
miheralocorticoid effect. (Clin Pharmacol The* 1996;59:62-71.) 

YU Scob Lcc, MD, a Beverly J. Lorenzo, BS, Theo Koufis, MS, and 
Marcus M. Reidenberg, MD New York, tf,T. 


The enzyme lip-Hydroxysteroid dehydrogenase 
(lip-OHSD) oxidizes Cortisol to inactive corti- 
sone. This enzyme in the kidney regulates the 
amount of miheralocorticoid activity there, be- 
cause Cortisol binds as avidly to the mineralocor- 
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ticoid receptor as aldosterone does. Deficiency of 
this enzyme in children, first described by Ulick et 
al. 1 in 1977, causes high Cortisol levels in the 
kidney that result in hypertension and hypokale- 
mia, licorice-induced hypermineralocorticoidism 
is probably due to the inhibition of lip-OHSD by 
glycyrrhizic acid, the active principle of licorice. 2-4 
Much research has been dpne since 1977 on syn- 
dromes of apparent mineralocorticoid excess. 3 * 6 

Gossypol, a polyphenols constituent of cotton 
seed, has been studied in China as a potential 
male oral contraceptive, but hypokalemia devel- 
oped in some Chinese men while they were taking 
it". 7 We found that gossypol inhibited llp-OHSD 
activity in guinea pig 8 and human renal cortical 
inicrosomes. 9 Because there are structural simi- 
larities between gossypol and some flavonoids, we 
tested some of these and some other compounds, 
such as diuretics, that cause hypokalemia 900 and 
discovered that some inhibit this enzyme. Narin- 
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genin, the aglycone of naringin, is a major fla- 
vonoid in grapefruit juice and inhibits this en- 
zyme. Recent work suggests that there are two 
isoforms of this enzyme, nicotinamide adenine 
dinucleotide (NAD)-dependent llp-OHSD and 
nicotinamide adenine dinucleotide phosphate 
(NADP^dependent llp-OHSD with specific tis- 
sue distributions. 11 ' 14 The effects of these fla- 
vonoids are worth study because about 25 rug of 
flavonoids has been recently estimated to be in- 
gested daily in the diet, 13 whereas older studies 
cite as much as 1 gm per day, 16 

The objective of this study was to learn which 
other flavonoids in grapefruit juice inhibit lip- 
OHSD in vitro and whether grapefruit juice inhibits 
the enzyme in vivo. 

MATERIAL AND METHODS 
In vitro study 

Chemicals and solutions. All flavonoids (see Struc- 
tures), cortisone, Cortisol, corticosterone, NAD, 
NADP, 99.9% dimethyl sulfoxide (DMSO), and 
Sigffla Diapostic Total Protein Kit (cat. No. 690-A) 

were purchased from Sigma Chemical Co., St. 
Louis, Mo, All flavonoids were dissolved in DMSO. 
Cortisone, Cortisol, and corticosterone were dis- 


solved in methanol (J.T. Baker HPLC grade pur- 
chased from VWR Scientific, Piscataway, NJ.) (1.4 
mmol/L) and kept at -4° C. NAD and NADP (5 
mmol/L) were dissolved in Tris hydrochloric acid 
buffer (0.1 mol/L, pH 8.0). 

Microsomal preparation and assay of Jlp-OHSD 
activity. Guinea pig kidney cortex was obtained from 
long-haired male Hartley guinea pigs (Hilltop, Pa.). 
Tissue was homogenized by a Tekmar Tissuemizer 
(Cincinnati, Ohio). Microsomes were prepared, di- 
luted to a concentration of 1.25 mg protein/ml as 
measured by the Sigma Diagnostics Total Protein 
Kit, and stored at -70° C. The enzyme activity in the 
microsomes was determined by measuring the rate 
of conversion of Cortisol to cortisone in the presence 
of NAD or NADP as described previously Each 
flavonoid was studied with use of NAD and NADP 
as the cof actor. The conversion rates from Cortisol 
to cortisone were determined, and the extent of 
inhibition was calculated. The drug concentrations 
that inhibited the enzyme by 50% (IQo) were esti- 
mated from duplicate incubations at each concen- 
tration of at least three different concentrations of 

each flavonoid by use of the dosc-rcsponse pro- 
gram of Chou and Chou (Dose-effect Analysis with 
Microcomputers, Elsevier-Biosoft, Cambridge, En- 
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glands 1989). For each flavonoid studied, at least 
one concentration was above and one below the 
IC 50 . 

Analytical method for urinary cortisone 
and Cortisol 

We modified our HPLC method for measurement 
of these compounds from microsomal incubation mix- 
tures.? The equipment consisted of a Waters Auto- 
mated Gradient Controller with two Waters 6000A , 
puitips (Waters Chromatography, Milford, Mass.). 
Thfe injector was a Waters U6K and the detector was 
a Waters 486 Tunable Absorbance Detector set at a 
wavelength of 246 nm and 0.15 absorbance units full 
scale. The separation was performed with a Waters 
Nova-Pak Q 8 3.9 X 150 mm stainless steel column (4 
jxm spherical particle size, pore size 60 A, 7% carbon 
load, end-capped) or with a Waters uJBoudapak G 18 
3.9 X .300 mm column (10 pm irregular particle size, 
pore size 125 A, 10% carbon lead, end-capped). The 
peak areas, were recorded on a SE120 plotter pur- 
chased through Waters Chromatography. 

The mobile phase was methanol/water, initially 
at 70% water: 30% methanol. Conditions were 
changed over the first 6 minutes to 56% water:44% 
methanol in a linear gradient that was then held 
isocratically for 14 minutes. The gradient was then 
reversed linearly to 70:30 over 3 minutes and the 
column equilibrated for 5 minutes before the next 
injection. The flow rate was 1 ml/min. 

Procedure 

To each 10 ml aliquot of every standard and 
sample (performed in duplicate) was added 40 u.1 of 
the 25 uig/ml corticosterone* as the internal stan- 
dard. The samples were briefly vortexed to mix. One 
milliliter of 0.1 mol/L of sodium hydroxide was 
added to each test tube and again briefly vortexed to 
mix. Three milliliters of methylene chloride were 
added to each sample, capped with Teflon-lined 
screw tops, and rotated for 45 minutes on a mechan- 
ical rotator at approximately 20 rpm. The samples 
were centrifuged at 3000 rpm (lOOOfc) for 15 min- 
utes. The aqueous layer (top) was aspirated to 
waste. Again the samples were centrifuged for 10 
minutes at 3000 rpm and the remainder of the aque- 

* Corticosterone is excreted by humans at a rate that averages 6 
jtg£4 hours 17 or less than of 1% of 1.5 to 4.0 mg/24 hour 
production rate. 18 Thus the concentration from endogenous 
sources is less than 10% of that added, a negligible amount for 
this assay. 
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ous phase was aspirated. A small spatula full of 
sodium chloride (—150 mg) was added to each sam- 
ple, and any emulsion was broken up with a Pasteur 
pipet. The samples were then again centrifuged for 
10 minutes. The organic layer was carefully trans- 
ferred to clean test tubes and evaporated to dryness 
in a warm water bath (-45° C) under a stream of 
nitrogen. The residue was redissolved in 150 u.1 of 
HPLC grade methanol and injected into the HPLC. 

The retention times were 163, 19.0, and 23.5 
minutes for cortisone, Cortisol, and corticosterone, 
respectively, on a Waters 10 micron, 300 X 3.9 mm 
stainless steel jtBondapak C 18 column. On a Waters 
4 micron, 150 X 3.9 mm Nova-Pak, the retention 
times for' cortisone, Cortisol, and corticosterone 
were 12.8, 13.6, and 17.8 minutes. Levels measured 
in about 60 human urine samples ranged from 7.1 to 
215.4 ng/ml for cortisone and 45 to 230.1 ng/ml for 
Cortisol. The. ratio of cortisone, to Cortisol was 
0.2 to 5.7. 

The absolute recovery was 70% for Cortisol and 
69% for cortisone. The interday coefficient of 
variation for cortisone was 6.5% for 25 ng/ml and 
1*5% for the 100 ng/ml standard. For Cortisol, the 
values were 6.3% for 25 ng/ml and 1.1% for 100 
ng/ml. Cortisone dissolved in methanol was chro- 
matographed and the peak was collected. The 
putative cortisone peak from extracted urine was 
also collected, and both fractions were scanned 
with a Varian Caiy 219 spectrophotometer. The 
peaks had identical absorption spectra, with ab- 
sorption maximums at 239 nm. (The CRC Hand- 
book of Chemistry and Physics states that the 
absorption maximum of cortisone in alcohol 
is 237 nm). 

All samples were assayed twice in duplicate. Stan- 
dard curves for cortisone and Cortisol were deter- 
mined and plotted as in the in vitro study. Concen- 
trations of these steroids in unknown samples were 
extrapolated from these standard curves. 10 

In vivo preliminary study 

Six male volunteers aged from 35 to 65 years (two 
investigators and four other members of the Depart- 
ment of Pharmacology) who were living at home 
gave daily morning urine samples for 4 days. They 
then drank grapefruit juice, requested to be at a 
dose of a quart a day, for 7 days, and gave dairy 
morning urine samples on the last 4 days of this 
period. After a 3-day washout period, the subjects 
again gave daily morning urine samples for 4 days. 
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EFFECT OF GRAPEFRUIT JUICE ON 
URINARY CORTISONE TO CORTISOL RATIO 
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Fig. 1. Preliminary study results in six subjects living at home. Subjects 1 and 6 were two of 
the authors, who are known to have consumed the full amount of grapefruit juice. 


The cortisone and Cortisol concentrations were mea- 
sured in each urine sample. The two investigators 
(subjects 1 and 6) had a decrease in the ratio of 
urinary cortisone to Cortisol during the grapefruit 
juice period compared with the control periods be- 
fore and after grapefruit juice (mean ± SD for 


subject 1 was 11.4 ± 3.1, 5.7 ± 0.9, and 10.2 ± 2.1; 
mean ± SD for subject 6 was 4.8 ± 0.4, 3.6 + 0.6 r 
and 4.7 £ 0.8). The other four subjects had no 
significant change. All data are shown in Fig. 1. 
Subjects 1 and 6 then volunteered for the dose- 
response study. 
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fruit juice for 7 days and gave daily 10-hour urine 
samples for the last 4 days. (4) Second control period: 
Each subject gave daily 10-hour urine samples for 4 
days after 3 days of a washout period. 

In vivo metabolic balance study 

Protocol Two different healthy male volunteers 
(aged 26 and 31 years), not previously screened for 
responsiveness to grapefruit juice, gave informed writ- 
ten consent and were admitted to the clinical research 
center for 3 weeks. Ah evaluation before the study 


In vivo dose-response study 

These two volunteer* (subjects 1 and 6) gave 
urine samples for the last 4 days of four 7-day study 
periods. (1) First control period: Each subject col- 
lected a lOvhour (7 am to 5 pm) urine sample daily 
for 4 days (one subject inissed 1 day of sample coUec- 
Mon) 4 (2) lxjw-€l6se period: Each subject drank 950 to 
106X) ml grapefruit juice a day for 7 days and gave 
10-hour urine samples for the last 4 days of the 7-day 
period (3) Higkdose period: Each subject drank 1900 
to 2100 ml (double volume of low-dose period) grape- 
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EFFECT OF DIFFERENT DOSES OF GRAPEFRUIT 
JUICE ON URINARY CORTISONE TO CORTISOL RATIO 
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Fig, 3. Urinary cortisone/cortisol ratios in subjects in dose-response study. Each period 
include four dairy urine collections. Each urine sample was assayed twice, each assay in 
duplicate. Each point represents a single assay (four points per daily urine). 


showed normal physical findings, serum chemis- 
try, hematology, and ECG for both subjects. They 
ate a diet that had a constant amount of sodium 
and potassium during the- study (potatoes, ba- 
nanas, and lemonade during control periods to 
balance the grapefruit juice during the experimen- 
tal period). Their blood pressures and body 
weights were measured daily. Twenty-four-hour 
urine was collected for free cortisone, Cortisol, 
Na + , and for the last 4 days of three 7-day 
study periods. Blood samples were drawn for Na + 
ancMC* for the same periods. Plasma renin activ- 
ity, aldosterone and Cortisol, and urinary aldoste- 
rone excretion were measured at the end of each 
period. The first and third weeks were the control 
periods. The second week was the experimental 
period in which 1500 ml grapefruit juice (100% 
from concentrate, Ocean Spray Cranberries Inc., 
Lakeville, Mass.) was consumed daily. 

Statistics. The Bonferroni t test after a one-way 
ANOVA was used to assess statistically significant di£ 


Table I. Inhibition of lip-OHSD in microsomes 
of guinea pig kidney by various flavonoids in the 
presence of NAD or NADP 


lC 50 (ymollL) 


Flavonoids 


NAD 


NADP 


Quercetin* 

192 x 18 

355 T 82 

Apigenin* 

284 £ 25 

125 ±16 

Kaempferol 
Naringenin* 
Hesperetin* 
Naringin* 

322 ± 13 

293 ± 62 

496 ± 77 

264 ± 63 

769 ± 69 

509 ± 45 

21,191 ± 4,949 

10,550 ± 1,136 

Hesperidin 

>55,000 

>50,000 


. Data are mean values ± SB. 

IIB^OHSD, 1 lp-HydroxYsteroid dehydrogenase; NAD, nicotinamide 
adenine dinucleotide; NADP. nicotinamide adenine dinudeoUde phos- 
phate; lC^, drug concentration that inhibited the enzyme by 5095?. 

*p < 0.05; NAD compared with NADP, 

ferences. Statistical significance was assumed when the 
corresponding p values were lower than a = 0.05. 

Approval. All human studies were approved by the 
Cornell Institutional Review Board. 
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actfvity(i#ml/hr) 033 
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1.4 
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Fig. 4. Values for subject A in metabolic balance stety.Open ^ Daily. urinary sodium 
excretion; mMJo^ potassium excretion. Hie cortisone/cortisql ratios in the grapefruit juice 

grapefruit juice differs significantly from the first but not the second control period. 


RESULTS 
In vitro study 

The renal cortex homogenate obtained from male 
guinea pigs readily converted Cortisol to cortisone 
after 1 hour of incubation at 3T C with NAD or 
NADP as a cofactor. There was no difference in the 
conversion, rate between NAD and NADP (mean ± 
SD, 751% ± 753% with NAD versus 71.0% ± 6 85% 
with NADP; p > 0.05). However, the Michaelis- 
Menten constant (K,,,) values for NAD and NADP 
calculated frora the double reciprocal plots were sig- 
niflcantry different (36.4 ± 1.02 ujnoI/L with NAD 
versus 57,6 i 13.1 ujnol/L with NADP; p < 0.05). 

Each flavonoid inhibited the enzyme in a 
concentjation-dependem maimer. The inhibition 
rates for most flavonoids with use of NAD differed 
from that with use of NADP (Fig. 2); The IC™ 
values of the flavonoids to inhibit the NAD. or 
NWutHizing form of lip-OHSD are given in 
Table I. Quercetin was the most potent inhibitor 


with NAD; apigenin, kaempferol, and naringenin 
had similar potencies. Apigenin was found to be the 
most potent inhibitor with NADP, whereas the po- 
tency of naringenin, kaempferol, and quercetin were 
similar. Naringin and hesperidin were poor inhibi- 
tors, and their IC^, values were much less than that 
of their aglycons, naringenin and hesperetin. The 
ICsq values of each flavonoid with use of NAD as a 
cofactor differed from the IQ 0 values with NADP as 
the cofactor, except for kaempferol. 

In vivo dose-response study * 

The two subjects who drank grapefruit juice 
showed a dose-dependent decrease in their urinary 
cortisone/cortisol ratios, indicating inhibition of 
llp-OHSD by grapefruit juice (Fig. 3). Each 4-day 
period was statistically significantly different from 
the control periods, and the low- and high-dose 
periods differed in subject 1 statistically and in sub- 
ject 6 numerically but not statistically. 
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SUBJECT B 


>-Sodium 
^2-^ Potassium 
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Urinary 
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Fig. 5. Values for subject B in metabolic balance study. Open bars, Daily urinary scKiium 
excretion; solid bars, potassium excretion. The cortisone/cortisol ratios and the unnary free 
Cortisol during the grapefruit juice period are significantly different from both control periods. 


In vivo metabolic balance study 

The actual values for each subject are presented 
in Figs. 4 and 5. The mean ratios Of. the uri- 
nary cortisone to Cortisol fell with grapefruit juice 
and- recovered during the second control period 
(mean ± SD, 3.27 ± 0.48 during the first control 
period, 1.88 ± 0.28 during the grapefruit juice pe- 
riod, and 332 ± 0.46 during the second control 
period). Urinary free Cortisol levels also were in- 
creased during the grapefruit juice period and re- 
turned to the control level after subjects ceased to 
drink grapefruit juice (mean ± SD, 34.3 ± 19.0 for 
the first control period, 58.2 ± 9.2 for the grapefruit 
juice period, and 26.3 ± 12.9 for the second control 
period; p < 0.05 for each control period compared 
with grapefruit juice period). There was a little 
change in the body weight during the study (67.3 1 
0.4, 67.8 ± 03, and 673 ± 0.1 kg for subject A and 
733 ± 0.8, 74.4 ± 0.2, and 74.4 ± 0.1 kg f r subject 
B, in the first control, grapefruit juice, and second 


control periods, respectively). The urinary sodium 
and potassium values were variable during the study. 
There were no significant changes in plasma potas- 
sium levels and blood pressure values during the 
study. 

DISCUSSION 

Grapefruit juice is known to inhibit the firej-P 888 
oxidation of felodipine and nitrendipine, pre- 
sumably because of compounds in the juice that 
inhibit cytochrome P450 3A. We did this study to 
learn if it also inhibited another in vivo oxidation, 
that of Up-OHSD. We tested several flavonoids 
present in grapefruit juice for their ability to inhibit 
110-OHSD from guinea pig renal cortex microsomes. 

The two different isofoiros of the enzyme, nad-. 

dependent and NADP-dependent llp-OHSD, had 
different values for Cortisol, and the flavonoids had 
different lQo values for the two forms. We confirmed 


I 
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the finding of Walker et al. n of similar conversion 
rates for the two forms. 

There are a number of flavonoids in grapefruit 
juice, tfaringih is the most abundant flavonoid, 
present in concentrations of up to 1 mmoI/L. 21 It is 
thought to be converted to the aglycone naringenin 
in the intestine after oral administration. Because 
the. flavonoids in grapefruit juice inhibited lip- 
OHSip in vitro, we evaluated the ability of grape* 
fruit juice to inhibit the enzyme in vivo. Drinking 
grapefruit juice lowered the urinary cortisone/corti- 
sol-ratios in the two investigators and both inpatient 
subjects, indicating in vivo inhibition of the enzyme. 
At the doses consumed, it did not change renal 
electrolyte clearance. Natural licorice in very high 
doses causes mineralocorticoid effects by inhi- 
bition of this enzyme. 4 - 2 * 23 We think that grape- 
fruit Jute* inhibited 1 10-OHSD, but the effect was 
too mild to cause electrolyte changes in these 
subjects because their urinary free Cortisol did not 
exceed the normal range. A possible alternative 
explanation is that ring A reduction of Cortisol 
and not lip-QHSD inhibition is the major cause 
of the syndrome of apparent mineralocorticoid 
excess. 23 " 26 

If the conventional view that 110-OHSD inhibi- 
tion is the cause of the syndrome, and if there are 
differences in different people's enzyme sensitivity 
to these inhibitors, as we found with different strains 
of guinea pigs for gossypol inhibition, 8 some people 
may increase their potassium clearance if they drink 
large amounts of grapefruit juice. Furthermore, fla- 
vonoids are sold in tablet form in health food stores 
and drug stores. If people take large quantities of 
flavonoids as dietary supplements, it is possible that 
tbc flavonoids may cause sufficient 110-OHSD inhi- 
bition to produce the syndrome of apparent miner- 
alocorticoid excess. 

We thank Patricia Danton for her help. 
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TABLE VIII 

RifOJtTto Casts or Aptartkt MmtnAUQCORTicoiD Excess (AME) 


/Patient- 


Patient age* 
(years) 


Sex 


R* 


. Blood 
pressure 
(nun Hg) 


Aldosterone* 
Ing/dU 


Citation* 


1 

2D (14 years) 
3D (12 yean) . 
4 • 

,5 '■' 

■ 6 
7 

;.8D 

» 9D (5/12 year) 
10 
UR 
12R 

13 : 

14 

15 . 
16 
17R 
18R 
19 
' 20 


3 
3 

0 1/12(2 9/12) 
17/12 . 

9 

3 3/12 

2 (4) 

1 7/12 
0 5/12 

0 9/12(19) 
3 

3 9/12 
7 

.9 

3 ""■ 
21 

2 (9 4/12) 

.-2 6/12 (4 4/12) 
14 9/12 
23/13 


F 

r 

F 

M 

M 

F 

M 

M 

M 

F 

F 

F 

F 

M 

M 

M 

F 

F 

M 

M 


10.2 
>7 

9.8 
>4 
>10 
40 
15.9 
45 
70 
15 
31.2 
13.4 
29.8 
26.9 

7.5 
13.5 

8.9 
20 

8 
129 


175/115 

144/104 

180/120 

140/100 

250/180 

125/85 

140/90 

150/110 

200/100 

150/100 

170/110 

200/129 

160/120 

170/100 

200/110 

200/145 

130/90 

142/98 

130/90 


1.9 
ND 
ND 
ND 
ND 

1.3 
3 

l.l 
2.4 
<0-2 

ND 


<3.4 
ND 
ND 
ND 


(1) 
(2) 
(3) 
(3) 
(4) 

G. PhilUpou (1978)/ 

(5) 

(6) 

(7) 

(8) 

(9) 

(9) 

(10) 

J. S. D. Winter (1988K 

Peskovitz (1986)/ 

(11) 

(12) 

(12) 

(12) 

Wood (1992K 


. D. patient died (age »t death); R. the adjacent patients are ^ ^ in parenthesis, is the 

* R " (THF -f 5aTHF)/THE. 

- - NortD alrange U5to20n«/dl.ND MrKenxie (1977)- (4) Ulick «ci.(l979); (5) ShacWeton era/. (1980); 

• "• m T * <19fH * 

III) Stewart ttal. (1988): (12) Monder tt aL (1986X 
f Unpublished. 
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Endogenous 11 beta-hydroxysteroid dehydrogenase inhibitors and 
their role in glucocorticoid Na+ retention and hypertension. 

Morris D J, Souness GW 

Department of Pathology and Laboratory Medicine, Miriam Hospital, Lifespan 
and Brown University School of Medicine, Providence, RI 02906, USA. 

11 beta-hydroxysteroid dehydrogenase (11 beta-HSD) metabolizes active 
glucocorticoids to their inactive 11-dehydro products and protects renal 
mineralocorticoid receptors from the high circulating levels of endogenous 
glucocorticoids. 1 1 beta-HSD has been suggested to be important not only in the 
control of renal sodium retention but also blood pressure. We had previously 
shown that 1 1 alpha- and 1 1 beta-hydroxyprogesterone (1 1 alpha- and 1 1 
beta-OHP) were (I) potent inhibitors of 1 1 beta-HSD (Isoforms 1 and 2) activity 
in vitro, (ii) able to confer mineralocorticoid (MC) activity upon corticosterone 
(B) in vivo and (iii) hypertensinogenic when chronically infused into 
Sprague-Dawley (SD) rats. In addition we also showed that 3 
alpha,5B-tetrahydroprogesterone (3 alpha,5B-THP) and chenodeoxycholic acid 
(CDCA) were potent inhibitors of 1 1 beta-HSDl activity but not 1 1 beta-HSD2 
activity, however, these substances were still able to confer MC activity upon B in 
the adrenalectomized rat. To assess the possible blood pressure modulating effects 
of 3 alpha,5B-THP and CDCA we have now infused these substances into intact 
SD rats continuously for 14 days. Both 3 alpha,5B-THP and CDCA caused a 
significant elevation in blood pressure within seven days, an effect that persisted 
throughout the 14-day infusion. These results show that both 3 alpha,5B-THP and 
CDCA are hypertensinogenic in the rat and that the inhibition of either 1 1 
beta HSD2 or 1 1 beta-HSDl activity by endogenous progesterone metabolites and 
CDCA may be involved in the pathology of hypertension. 
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Related Articles, Links 


Carbenoxolone increases hepatic insulin sensitivity in man: a novel 
role for 11-oxosteroid reductase in enhancing glucocorticoid receptor 
activation. 

Walker BR, Connacher AA, Lindsay RM, Webb D J, Edwards CR. 

University of Edinburgh, Department of Medicine, Western General Hospital, 
Scotland. 

In the kidney, conversion of Cortisol to cortisone by the enzyme 1 1 beta- 
hydroxysteroid dehydrogenase protects mineralocorticoid receptors from Cortisol. 
In the liver, a different isoform of the enzyme favors 1 1 beta-reductase conversion 
of cortisone to Cortisol. We have tested the hypothesis that hepatic 11 beta- 
rediictase enhances glucocorticoid receptor activation in the liver by inhibiting the 
enzyme with carbenoxolone and observing effects on insulin sensitivity. Seven 
healthy males took part in a double blind randomized cross-over study in which oral 
carbenoxolone (100 mg every 8 h) or placebo was administered for 7 days. 
Euglycemic hyperinsulinemic clamp studies were then performed, including 
measurement of forearm glucose uptake. Carbenoxolone increased whole body 
insulin sensitivity (M values for dextrose infusion rates, 41.1 +/- 2.4 mumol/kg.min 
for placebo vs. 44.6 +/- 2.3 for carbenoxolone; P < 0.03), but had no effect on 
forearm insulin sensitivity. We infer that carbenoxolone, by inhibiting hepatic 1 1 
beta-reductase and reducing intrahepatic Cortisol concentration, increases hepatic 
insulin sensitivity and decreases glucose production. Thus, plasma cortisone 
provides an inactive pool that can be converted to active glucocorticoids at sites 
where 1 1 beta-reductase is expressed, abnormal hepatic 1 1 beta-reductase activity 
might be important in syndromes of insulin resistance, and manipulation of hepatic 
1 1 beta-reductase may be useful in treating insulin resistance. 

Publication Types: 

• Clinical Trial 

• Randomized Controlled Trial 

MeSH Terms: 
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• Adult 

• Blood Glucose/metabolism 

• Carbenoxolone/pharmacology* 

• Cross-Over Studies 

• Double-Blind Method 

• Forearm/blood supply 


http://www.ncbi.nlm.nih.gov/entrez/queiy.fcgi?cmd=Retrieve&db=Pub^ 5/18/2004 


Entrez PubMed 


Human 

Hydroxysteroid Dehydrogenases/physiology* 

Insulin/blood 

Insulin/physiology* 

Liver/drug effects* 

Liver/physiology* 

Male 

Receptors, Glucocorticoid/physiology* 
Support, Non-U.S. Gov't 


Page 2 of 2 


Substances: 

• Blood Glucose 

• Receptors, Glucocorticoid 

• Insulin 

• Carbenoxolone 

• Hydroxysteroid Dehydrogenases 

• 11-beta-Hydroxysteroid Dehydrogenases 

PMID: 7593419 [PubMed - indexed for MEDLINE] 


III 


I Citation 


Show: 1 20 m Sort MMBMT«t 


Write to the Help Desk 
NCB1 1 NLM | NIH 
De partment of Health & Human Services 
Freedom of Informatioh Act \ Disclaimer 


May 12 2004 06:43:50 


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Rert 5/18/2004 


Entrez-PubMed 



Entrez 
PubMed 


PubMed 
Services 


□ 1: Endocrinology 1993 Jun;132(6):2287-92 


Related Articles, Books 


Related 
Resources 


Licorice inhibits 11 beta-hydroxysteroid dehydrogenase 
messenger ribonucleic acid levels and potentiates glucocorticoid 
hormone action. 

Whorwood CB, Sheppard MC, Stewart PM 

Department of Medicine, University of Birmingham, Queen Elizabeth Hospital, 
Edgbaston, United Kingdom. 

1 1 beta-HydroXysteroid dehydrogenase (1 1 beta HSD) is responsible for the 
interconversion of Cortisol to cortisone [corticosterone (B) to 
1 1-dehydrocorticosterone in rodents] and confers ligand specificity to the 
mineralocorticoid receptor. Inhibition of 1 1 beta HSD by licorice derivatives 
rclycyrrhizic and glycyrrhetinic (GE) acids] results in cortisol/B and not 
aldosterone acting as a potent mineralocorticoid. 1 1 beta HSD is ubiquitously 
expressed and, by converting active glucocorticoid to inactive metabolites, may be 
an important prereceptor regulator of ligand access to the glucocorticoid receptor 
< (GR) To investigate this further, we have studied the effect of 1 1 beta HSD 
inhibition by licorice derivatives on PRL gene expression (a known glucocorticoid 
target gene) in rat pituitary GH3 cells. Glycyrrhizic acid administration to rats m 
vivo (75 mg/kg.day for 5 days) resulted in inhibition of 1 1 beta HSD activity as 
previously reported, but also a significant reduction in steady stated 1 beta HSD 
mRNA levels in both predominantly mineralocorticoid (kidney and distal colon) 
and glucocorticoid (liver and pituitary) target tissues. In vitro, 1 1 beta HSD _ 
mRNA and activity were present in rat pituitary GH3 cells (81% conversion of B 
to 1 l-dehydrocorticosterone/4 x 10(6) cells after 24-h incubation) and inhibited by 
GE in a dose-dependent fashionWhile B or GE alone (10(-8)-10(-5) M) had little 
or no effect on PRL mRNA levels or immunoassayable PRL, combinations of GE 
plus B resulted in marked inhibition of PRL mRNA levels and secretion, to such 
an extent that a Concentration of 10(-6) M B with 10(-6) M GE was more potent 
than equimolar concentration of the synthetic GR agonist RU 28362. This 
inhibitory effect on PRL mRNA levels was blocked by a 1 0-fold excess of the GR 
antagonist RU 38486, but not by a 10-fold excess of the mineralocorticoid 
receptor antagonist RU 26752, confirming that this potentiation of glucocorticoid 
hormone action was operating through the GR and not the mineralocorticoid 
receptor. In addition to its established role as a competitive inhibitor of 1 1 beta 
HSD licorice results in pretranslational inhibition of 1 1 beta HSD both in vitro 
and in vivo. 1 1 beta HSD is clearly an important mechanism in regulating tissue 
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Inhibition of lljj -Hydroxy steroid 
|>eiiydrogenase Obtained from Guinea Pig 
Kidney by Furosemide, Naringenin and Some 

Other Compounds 

Yin Di Zhang* Beverly Lorenzo and Marcus M. Reidenbergf 

Departments of Pharmacology and Medicine, Cornell University Medical College, 1300 York Avenue, New York, 
- NY 10021, U.S.A. 

2ta^ dehydrogenase (11/T-OHSD) can cause excess mineralocorticoid 

SSSS?^ *™ Substances hypokalemia (glycyrrhizic acid in licorice and 

SSkSSf^? eMyme ' We tcstcd othtT compounds for activity to inhibit Ufi -OHSD in guinea 
SS^LkTw miCros . omes with NADP as cofactor and Cortisol as substrate. Furosemide was an 
^^Z^^ ^^^l n0t> indicatin * * mechanism for the increased K* excretion caused 
by^turosemide compared with bumetanide. Naringenin (found in grapefruit juice), ethacrynic acid 

SLTd acZ ^ CnZymC "* may Play E rple * K + metabolism and wfrcoocor- 

J. Steroid Biochem. Molec. Biol., Vol, 49; No, I, pp. 81^85, 1994 


INTRODUCTION 

The syndrome of apparent mineralocorticoid excess, 
fir>t described by Ulick, Ramirez and New in 1977 
HI has led to much research on the enzyme 110-hy- 
drpxysteroid dehydrogenase (1I0-OHSD). Deficient 
activity of this enzyme in children leads to their 
inability to oxidize Cortisol to inactive cortisone, 
providing high Cortisol levels in the kidney which 
activate renal niineralocbrticoid receptors and cause 
hypertension and hypokalemia. Subsequently, the 
mechanism of hcorice-induced hypennineralocorti- 
coidism was shown to be the inhibition of 110-OHSD 
by the active principle of licorice, glycyrrhizic acid. 
Since then, much research has been done to explore 
V^\iQte/ibit ia tlib a ci^^ in regulating the 

interactions of Cortisol with mineralocorticoid and glu- 
cocorticoid receptors [2-6]. 

^ Gossypol, a polyphenol* constituent of cotton seed, 
has been studied in China as a potential oral contra- 
ceptive for men because it suppresses sperm motility 
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and formation without affecting testosterone levels [7], 
Some Chinese men who received gossypol developed 
hypokalemia although the cause remained obscure [7]. 
This is particularly remarkable since idiopathic hy- 
pokalemia, often associated with hyperthyroidism, oc- 
curs widely in China; in addition, normal Chinese 
men have serum potassium levels lower than men in 
four other countries, with 9% having values below 
3.5mmol/l [8], 

In studies investigating how gossypol causes 
hypokalemia, we found that gossypol inhibited 110- 
OHSD activity in guinea pig [9] and human [10] 
renal cortical microsomes. We also found that 
certain bioflavonoids inhibit rat liver 11/J-OHSD 
[10]. Others have reported inhibition of the rat 
kidney enzyme by bile aciefs (11] and by steroidal 
and triterpenoid compounds [12], and inhibition of 
the rat liver enzyme by some substances in human 
urine [13]. We therefore decided to test a variety 
of compounds for their possible enzyme inhibiting 
effect, choosing drugs that can cause hypokalemia or 
sodium retention as a side effect, flavonoids from 
grapefruit juice that inhibit the oxidation of dehy- 
dropyridine calcium channel blocking drugs [15-17] 
or sterols in vegetable oils at concentrations of 
100-500 mg/dl [14]. 

C? NOTICE: THIS MATERIAL MAY BE PROTECTED 
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MATERIALS AND METHODS 

Chemicals, and solutions 

Sitosterol was a gift from Eli Lilly and Co. (Indiana- 
polis, IN). Campesterol was purchased from Aldrich 
Chemical Co. (Milwaukee, WI). All other chemicals 
were purchased from Sigma Co. (St Louis, MO). 

Most sterols, furosemide, ethacrynic acid, naringin 
and> naringenin were dissolved in ethanol and diluted 
with methanol Cholic acid, chenodeoxycholjc acid, 
bumetanide, hydrochlorothiazide and spironolactone 
were 4 dissolved in methanol. Phenylbutazone and in- 
domethacin were dissolved in distilled water (pH 9). 
Glycyrrhizic acid was dissolved in distilled water. 
Corticosterone and hydrocortisone were dissolved in 
methanol (144/imol/i) and kept at -4°C. 

Enzyine preparation and measurement of 1IP-OHSD 
activity 

Kidney cortex was obtained from long-haired male 
Hartley guinea pigs: Tissue was homogenized in 
Krebs-Henseleit buffer as described previously [9], 
except for the use of a Tekmar Tissuemizer (Cincin- 
nati, OH). Microsomes were prepared as described 
previously [9], except that they were diluted to a 
concentration of 1.25 mg protein/ml prior to storage at 
-70°C, • 

The enzyme activity in guinea pig kidney cortex 
microsomes was determined by measuring the rate of 
conversion of Cortisol to cortisone. Five minutes before 
incubation, 2 fi\ of concentrated Triton DF-18 was 
added to each milliliter of the microsome suspension. 
The assay mixture contained 500 pi Krebs-Henseleit 
buffer (pH 7.2), SOfxl 5mmol/l NADP, 40 pi of 
144/imol/l phosphate-sucrose buffer, 20-50 pi 
(25-63.5 pg) of microsome suspension in 0.01 M phos- 
phate-sucrose buffer and various concentrations of each 
compound studied. This mixture was incubated in 
duplicate or triplicate. The total volume was 700pL 
Methanol concentration was kept at<10%. Control 
studies showed that this concentration did not inhibit 
the reaction. After lh of incqbation at 37°C, the 
reason was terminated by the addition of 3 ml meth- 
ylene chloride and 20 pi 144pmol/l corticosterone sol- 
ution as the internal standard for assay of cortisone and 
Cortisol. 

The enzyme inhibition constant for furosemide was 
determined by adding furosemide in various amounts 
to achieve concentrations from 3.9 to 62pmol/l in the 
incubation mixture and Cortisol concentrations of 4, 8, 
and 16pmol/l. The constants were obtained from a 
Dixon plot and a kinetic program (Chou J, Chou T-O 
Michaelis-Mcmon analysis with microcomputers, Disk 
No 1, Elsevier-Biosoft, 1989, Cambridge, England. 

A modification of the HPLC method of Sang [9] was 
used to measure Cortisol, cortisone and corticosterone 
in the micr somal incubation mixture. The steroids 
were extracted into methylene chloride by vortexing for 


Imin, then centrifuged at 750 g- for 15min. The 
aqueous layer was removed by aspiration. 300 pi of 
0.1 NaOH was added to the organic phase followed by 
vortexing for 30 s. The mixture was centrifuged and 
the aqueous layer removed. The organic phase was 
washed with 500 pi of milhVQ water (Millipore Corp., 
Bedford, MA). The 1.5 ml organic phase was trans- 
ferred to clean glass tubes and dried by evaporation in 
a 45-50°C water bath. The residue was dissolved into 
200 pi of methanol and 5 pi of this solution was injected 
into the HPLC apparatus. A standard curve for Cortisol 
and cortisone was determined in duplicate in each 
enzyme experiment by using the same amount of 
microsome suspension after boiling to inactivate the 
enzyme. Standard curves were plotted as the ratio of 
peak height of cortisone (or Cortisol) divided by the 
peak height of the internal standard vs steroid concen- 
tration. All unknown concentrations of Cortisol and 
cortisone were determined from the standard curves 
from each experiment. The drug concentrations that 
inhibited the enzyme by 50% (IC^) were estimated 
from at least 3 different concentrations of each com- 
pound evaluated by a dose-response program (Chou 
and Chou: Dose-effect analysis with microcomputers, 
Disk No. 2, Elsevier-Biosoft. 1989, Cambridge, Eng- 
land). 

The HPLC apparatus used for quantitating the 
steroids consisted of a Waters Model 6000 A solvent 
delivery system, U6K injector, model 680 automated 
gradient controller, Waters 486 tunable absorbance 
detector and a BBC chart recorder (Model SE 1 20). 
The mobile phase contained methanol-water (30:70, 
v/v) at a flow rate of 1.0 ml/min. The Waters stainless 
steel Novapak C, 8 column (3.9 x 150nun, 4p) was kept 
at room temperature. The retention times for cortisone, 
Cortisol and corticosterone were 6.5, 7.0 and 9.0 min, 
respectively. 

RESULTS 

The efficacy of the compounds tested to inhibit the 
NADP-utilizing form of 110-OHSD from guinea pig 
renal cortex with Cortisol as substrate is shown in 
Tables 1 and 2. Furosemide was the most potent 
inhibitor tested, with glycyrrhizic acid, naringenin, 
ethacrynic acid and chenodeoxy cholic acid having po- 
tencies similar to each other but an order of magnitude 
less potent than furosemide. Data for glycyrrhizic acid, 
narmgenin and naringin are shown in Fig. 1. The 
correlation coefficient (r value) for the computed values 
agreeing with the measured values for the potent 
inhibitors was 0.99 for furosemide, glycyrrhizic acid, 
and narmgeniii, 0.96 for ethacrynic acid and 0.86 for 

chenodeoxycholic acid. It was above 0.95 for all of the 
other compounds tested except for phenylbutazone 
which was 0.86. 

The observations of enzyme inhibition by 
furosemide at varying concentrations of Cortisol is 


Inhibition of 11/J-OH5D 
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Tata 1. /iiftfrVfo, 0/ Ufi-OHSD by various compounds 
C ° mpoUnd IC, 0 Qimol/1) Concentrations tested Gimol/1) 


Furosemide 

Glycyrrhizic acid 

Naringcnin 

Ethacrynic acid 

Chenodcoxycholic acid 

Phenylbutazone 

Sitosterol 

Stigraasterol 

Naringin 

Cholic add 


59 12, 50, 100, 200, 500, 1000 

254 132, 246, 529 

336 12, 25, 50, 100, 1000, 2000, 5000 

452 50, 100,200, 400, 2000 

513 200, 400, 600, 800 • 

1358 167, 667, 1344 

1395 50©, 1000, 1500 

1968 500, 1000, 1500 

2373 582,1163, 1744 

3529 1250, 2500, 3750, 5000 


Campestero! inhibited 33% at the highest concentration tested of 1000 Aimol/1 
Since a second higher point could not be measured because of limited 
solubility of the compound, an IC* was not calculated. 


shown as a double reciprocal plot in Fig. 2. Most of 
the lines converge near the ordinate. A Dixon plot 
indicatedthatthe inhibition by furosemide is competi- 
tive. The enzyme kinetic constants were: 
" £ mG -£ K - = 3 0nmol/)ig microsomal 

protcin/h. The K, for furosemide was 7.7/imol/l 
nearly the same as the K M for Cortisol. 

DISCUSSION 

.We have tested a number of compounds for their 
ability to. inhibit the NADP-utilizing form of 115. 
OHSD from guinea pig renal cortex with Cortisol as 
substrate We found that furosemide is a much more 
potent inhibitor than glycyrrhizic acid, and that narin- 
genin, ethacryhic; acid and chenodeoxycholic acid in- 
niblt with a potency almost equal to that of 
glycyrrhizic acid. 

The compounds selected for study were chosen 
for a variety of reasons: the diuretics because 
they cause potassium loss with spironolactone as 

control since it does not; glycyrrhizic acrd and 
the bile salts as reference compounds, since oata 
about these compounds have been published and 
therefore they can be used in this study to evaluate 
relative potency of the other compounds studied; 
nanngin and naringenin because they are active 

n^^Vl^^ juicC inhibit * P^^lar 
pa^way of drug oxidation (cytochrome P 450 3A4) 
and we were curious to see if they also inhibited 
t^i5 p^dation pathway (11/NOHSD); the sterols 
since they arc present in vegetable oils and have a 

TabU 2. Compifunds that fmled to inhibit 1.10 - OHSD 

- . t Maximum concentration 
Compotind " , tested (gmoj/0 


structure suggesting that they might inhibit 110- 
OHSD; and the cyclooxygenase inhibitors because 
they inhibit prostaglandin formation and cause salt 
retention. 

The K m of our enzyme preparation for Cortisol 
(8/<mol/l) is similar to that of rat for corticosterone 
(2 jimoJ/J) found by Monder et al. [18]. Working with 
purified enzyme from rat liver (gift from Dr C. 
Monder), we have found an I of 12nmol/l for 
glycyrrherjnic acid [10], similar to the dissociation 
constant of the enzyme-inhibitor complex of 8nmol/l 
reported by Monder et al [18J. In a previous study 
from our laboratory, glycyrrhizic add had an IC* of 
1994 /imol/1 for guinea pig renal cortex microsomes 
with corticosterone as the substrate without Triton in 
the incubation mixture [9] compared with 254/*mol/l 
in the present study using Triton and Cortisol as the 
substrate. Buhler et al. [12] working with rat kidney 
microsomes and corticosterone at 0.1 jtmol/1, found an 
ICjo of 4jtM; in our study of guinea pig microsomes 
with a substrate concentration of 23/*moJ/l we found 
an ICjo of 254 juM. Perschel et al [11] working with 
rat kidney microsomes found cholic acid to inhibit this 


Bumetanide 
Hydrochlorothiazide 
Indomethadn 
Spironolactone • 


2000 
8000 

uoo 

2000 



>The maximum concentration tested was limited by the 
solubility of the compound. 


2000 4000 
Concentration of drug (umol/)) 

Fig. 1. Inhibition of ll[bt]/NOHSD by gJycyrrhizic acid from 
licorice and flavonold* from grapefruit juice. 
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Fig. 2. Double reciprocal plot of 1/v 1/s for 1 1/T -OHSD with varying concentrations of furosemide in incubation 
mixture. K m for Cortisol is 8 jimol/l. F m „ is 30 nmol/jig microsomal protein/h. K, for furosemide is 7.7 pmol/1. 

enzyme at l/27th the potency of chenodeoxycholic 
acid. We found it to be l/7th the potency" in our 
system. 

We studied the NADP-requiring form of the en- 
zyme that is present in most tissues rather than the 
NAD-requiring form that is present in the distal 
nephron [19-21], Whether inhibition of the NAD-re> 
quiring enzyme is different from that of the NADP- 
requiring enzyme is not known. Since the mechanism 
of inhibition of glycyrrhetinic acid [18], gossypol [9] 
and furosemide (this study) is competitive, one might 
speculate that competitive inhibition of the NAD-re- 
quiring form of die enzyme by these compounds 
might also occur. 

The fact that furosemide is an inhibitor of the 
enzyme while bumetanide is not may explain 
why furosemide causes more potassium excretion 
per unit sodium excretion than bumetanide [22-24]. 
It is excreted by patients with heart failure at a 
rate of 15-30 pg/min [25]. Assuming a Iml/min 
urine flow, the furosemide concentration would be 
76/iM, compared with its ICjo of 59 /iM in this 
study. 

Three fiavonoids: the sugar conjugates of narin- 
genin, qucrcetin and kaempferol, along with some 
others are found in grapefruit juice [26]. These are 
hydrolyzed in the intestine to the aglycons which are 
absorbed. We found that naringenin inhibited the 
enzyme in this study, and previously that the 
flavonoids morin and qucrcetin were weak inhibitors 
[10], The importance, if any, of these dietary constitu- 
ents as in vivo inhibitors of this enzyme remains to be 
determined. 
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